v, Extensive data on cortical tongue representation were analyzed in 1 O0 patients who underwent craniotomy and cortical mapping by electrical stimulation for surgical treatment of epilepsy. As noted in the literature, the tongue is extensively represented within the central nervous system with a highly organized sensorimotor system and the data from this study corroborate a large cortical representation of the human tongue over the postcentral gyrus. The tongue was found to have a clear somatotopic organization over the postcentral area and to be represented bilaterally to a significant degree. Furthermore, the tongue appears to have an asymmetrical sensory cortical representation, as cerebral dominance for speech is more extensively represented on the dominant hemisphere. Cortical tongue mapping has proved extremely useful in determining the point of junction of the central and Sylvian sulci, a crucial landmark during surgical cortical resections.
D
URING procedures carried out for surgical treatment of epilepsy, we have routinely found a clear somatotopic organization of the tongue cortical area. We noted that in many patients tongue representation covers more than 3 cm over the postcentral gyms. Cortical tongue mapping has been found extremely useful in determining the central sulcus and its point of junction with the Sylvian fissure, a crucial safety landmark in avoiding postoperative dysphasiaY Since the first direct stimulation of the human brain cortex by Bartholow in 1874, 31'33 most of our knowledge of somatotopic representation of the primary sensorimotor cortex of man derives from the pioneering work of Krause, 19 Foerster ~~ and the extensive studies of Penfield and his collaborators. 3~ Woolsey, et al., 46~8 have corroborated their results in animals and man by recording evoked potentials and electrical stimulation. They added the hypothesis that the long axes of the limbs are oriented anteroposteriorly on the sensorimotor strip, with the proximal limb musculature next to the epaxial muscles and the distal musculature for the digits extending onto the bank of the central sulcus. Woolsey, et al., 48 and Celesia 5 also stated that there is a larger representation of face, tongue, and lips in the motor homunculus than in the sensory homunculus. Aside from these minor changes, the homunculi proposed by Penfield and Rasmussen in 195033 still conform to results obtained today in clinical practice.
Since 1959, however, numerous workers have demonstrated in animals a much more elaborate functional organization of the primary sensorimotor cortex, with muitiple representations of the body regions of primates according to cytoarchitectonic areas both in the somatosensory 16 ' 29"34' 45 and in the somatomotor cortex. 39 Other workers have demonstrated similar patterns of organization of the face area with multiple representations in the postcentral 9 and precentra126 gyfi of the macaque monkey. Over the past 50 years, neurophysiology of the tongue has also been extensively studied. Walker and Green 1~' 43 explored the cytoarchitectural fields of the cortical motor, face, and tongue areas in primates by electrical stimulation, and the effects of ablation of these same areas. They concluded that the lower facial and lingual musculatures are extensively represented in the cerebral cortex, while the upper facial musculature is only slightly represented at the cortical level, being localized for the most part subcortically. The lower facial musculature, however, is represented almost solely in the contralateral cortex, while the lingual and upper facial muscles are to a considerable extent represented bilaterally.
The localization of the thalamic and the cortical tongue projection areas, the specificity of thalamic and cortical neurons to different types of tongue stimuli, and the peripheral receptive field of thalamic and cortical tongue neurons have also been investigated, largely in animals, 15'2~ as the proprioceptive innerva-tion of the tongue.l4'6'17.44 All these studies contribute to demonstrate the highly organized and extensive representation of the tongue at multiple levels in the brain, with the highest specificity and integration reached at the cortical level.
More recently, hypotheses have been put forward suggesting that disorders of oral tactile perception may be related to disturbances of oral motor and speech activities, assuming that the motor activities of oral structures are monitored and subsequently regulated through sensory feedback channels. 4~ The tongue possesses "the highest ratio of nerve fibre to muscle fibre of all the muscles except the eye muscles. "38 Bowman and Combs 4 stated: "The need for a rapidly acting monitoring and control mechanism is particularly apparent in the case of human tongue activity, for this structure appears to execute among the most highly refined, complex and rapid movements of any muscle group in the body during the production of the patterned sound sequences characteristic of adult speech."
Since speech production requires that central monitoring centers be constantly informed about length, spatial location, direction, 37 and rate of movement of all articulator muscles, especially those of the tongue, 4~ Bowman and Combs 4 concluded that in the primate the tricoordinate spatial arrangement (transverse, vertical, and longitudinal) of the tongue muscle spindles "could constitute part of the structural substrate for a highly discriminative feedback system." They confirmed that the lingual tactile sensation is largely handled by the lingual nerve, while the fast-conducting afferent pathway of the lingual muscle-spindle system reaches the brain passing first through the distal portion of the hypoglossal nerve before joining the ipsilateral C-2 and C-3 dorsal roots): They also found that the cortical projections of these muscle-spindle afferents of the rhesus monkey were within the classical boundaries of the contralateral motor and sensory face areas) As Sussman 4~ stated: "The finding by Bowman and Combs substantiates the view that there is a vast potential existing within the oral cavity for a detailed, oneto-one mapping of the oral area onto corresponding cortical areas." We agree that the motor control of the human tongue during speech production, mediated by the sensory feedback, involves even more sophisticated mechanisms than the primate tongue. Ringe136 measured in humans the two-point discrimination of various oral and extra-oral structures, and stated that "the progression from maximal to minimal discrimination involves the tongue tip, finger tip, lip, soft palate, alveolar ridge and thenar regions in that order respectively." The two-point limen value for the tip of the tongue was 1.7 mm. This progression approximates the relative representation of these structures over the postcentral gyrus.
Our study reports observations confirming the extensive representation of the tongue over the postcentral gyrus in man, and attempts to demonstrate some new aspects related to cerebral dominance. 
Clinical Material and Methods

Clinical Material
The observations reported here were made during operations one of us (A.O.) performed since 1972 for surgical treatment of epilepsy. In over 250 operations in which cortical stimulation was carried out under local anesthesia, 100 patients proved to have positive tongue responses suitable for the present analysis, totaling 252 tongue responses. Of these 100 patients, 50 were men and 50 were women. The age varied from 12 to 49 years old, with a mean age of 24.5 years and a standard deviation of 8.0 years.
The cortical stimulation was carried out over the central area as described by Penfield and Jasper 32 and Rasmussen. 35 We used a unipolar electrode with a unidirectional square-wave pulse of 2-msec duration at a frequency of 60 coulombs/sec. The cortical stimulation is started with a subthreshold intensity, 1 volt or 0.5 mA, and increased by 0.5-volt or 0.5-mA increments until motor or sensory responses are obtained. The positive responses are marked by small numbered tickets, and the nature of the response with the current intensity is dictated to a secretary in the gallery. The negative responses are registered but not mapped on the cortex. In this way, the sensorimotor region is quickly outlined for localization. When exploration is completed, the brain is photographed (Fig. 1) . The surgeon also sketches each stimulation site on a standard Penfield brain chart, 32 orienting the numbers to the fissure of Rolando and the fissure of Sylvius.
Method of Analysis
Photographs and stimulation records were analyzed for compilation of the data. No movement or sensation that was part of a definite epileptiform seizure was included. First, all responses were classified as sensory or motor, or both. The type of movement and quality of cortical sensation were analyzed subsequently, and sensory responses were subdivided as contralateral, ipsilateral, bilateral, midline, and unspecified. Threshold and current intensity were also compiled. All responses measured on photographs with 1-mm accuracy according to their distance from the Rolandic and Sylvian fissures were transposed to standard life-size Penfield brain maps, to the precentral and postcentral gyri respectively. The length of individual cortical tongue area available in 63 patients over the postcentral gyrus was measured from the tip to the back of the tongue, when this sequence was available, or from the highest to the lowest tongue response obtained on the gyrus.
For the sake of clarity, the responses of the fight and left hemispheres were first treated separately. When we could not superimpose them perfectly, all patients' charts were revised and reclassified as dominant or nondominant hemisphere, according to clinical history, neuropsychological reports, Amytal speech and memory test when available, and surgical cortical exploration. Nine patients were reclassified and new maps were made. Of the 100 surgical patients, representing 54 left hemispheres and 46 fight hemispheres, 49 had surgery on the dominant side for language and 51 on the nondominant side. Statistical analyses were performed using Student's t-test with two-tail distribution.
Results
All Valid Responses
There were 252 tongue responses in 100 patients. Of these, 45 were motor ( Fig. 2 upper left) and 207 sensory ( Fig. 2 upper right) . For the sake of uniformity, all results have been transferred to a left hemisphere diagram in Fig. 2 . Thirty-four motor responses were precentral and 11 postcentral, while 202 sensory responses were postcentral and only five precentral. The lack of motor responses and precentral sensory responses does not indicate the relative excitability of the precentral area, because far fewer precentral than postcentral stimulations were performed in this study. Figure 2 lower shows dispersion of all sensory responses over the postcentral gyrus as numbered by distance from the Sylvian fissure. In the anteroposterior aspect, the vast majority of responses were within 1 cm of the central fissure. The precentral and postcentral fissures were not indicated because they are too variable for localization.
Quality of Sensation and Movement
In those instances in which a qualitative description of the sensation was given, the character was comparable to previous studies. Patients sensed a tingling in 60 stimulations, numbness in 19 stimulations, electric shock in nine stimulations, sensation of movement without any movement seen in four stimulations, feeling of cold in two stimulations, and feeling of "rain, water, pins and needles, heat, pain" in one stimulation each. The type of movement was usually described as twitching, retraction, or protusion. In one instance, a patient reported that his tongue felt paralyzed.
Combined Responses
In 17 stimulations, a combined sensory response was produced. Patients experienced a sensation in the tongue and mouth in eight stimulations, a sensation in the tongue and lips in four stimulations, a sensation in the tongue and jaw or teeth in three stimulations, and a sensation in the tongue and face or check in two stimulations.
In 14 stimulations, a combined sensory and motor response was obtained. Patients experienced a sensation in the tongue and movement of the tongue in six stimulations, a sensation in the tongue and movement of the jaw, mouth, or face in four stimulations, a sensation in the tongue and inability to move the mouth in one stimulation, and a sensation in the tongue with swallowing in one stimulation. Movement of the tongue and sensation in the mouth and face resulted from one stimulation each.
In eight instances, a combined motor response occurred. Patients exhibited movement of the tongue and lips in three stimulations, movement of the tongue and jaw in three stimulations, and movement of the tongue and mouth in two stimulations.
Some tongue responses, motor and sensory, were reported with dysarthria but none were associated with vocalization. Moreover, all these combined responses over the postcentral and precentral gyri appeared to be located within the primary subdivisions of the face area, and none were associated with other primary subdivisions of the arm and leg areas. These findings are in accordance with those obtained in man by Penfield and Rasmussen, 33 who encountered combined tongue responses crossing the main subdivisions of the Rolandic cortex in only two out of 157 stimulations.
In our study, all combined responses represented 15 % of the total tongue responses, compared to 38 % in the study of Penfield and Rasmussen. 33 The ratio of combined sensory responses was less divergent: 8 % and 14%, respectively. This disparity is due to the fact that Penfield and Rasmussen obtained more combined mo-C. Picard and A. Olivier tor and combined sensorimotor responses. Van Buren and Baldwin 42 stimulated the mouth, face, and headneck areas in man, and reported 68 combined sensory responses out of 295 mouth area stimulations in the central region (23%). This higher figure does not necessarily represent the tongue itself, for these authors included under the heading "mouth area" all the lower face structures.
Contralateral, Ipsilateral, Bilateral, or Midline Responses
Of the 207 sensory responses obtained, 57 were of unknown laterality. Of the remaining 150 responses, 130 (87%) were clearly stated to be contralateral, nine (6%) were ipsilateral, and 11 (7%) were bilateral or midline. These values agree well with those reported by Penfield and Rasmussen 33 and Van Buren and Baldwin. 42 All but one of the ipsilateral and bilateral sensory responses were located over the postcentral gyrus. In one instance, stimulation of the precentral gyrus caused sensation in the whole tongue; this low ratio is perhaps biased by far fewer stimulations of the precentral area in our study.
A discrete cortical area related to the ipsilateral or bilateral responses as reported in animals' faces 9,24,49 has not been identified in our study, nor in previous studies in man. 33'42 On the other hand, a vague pattern of organization can be found. When ipsilateral, bilateral, or midline responses occurred more than once in individual patients, they were always grouped together, and almost invariably below the contralateral responses in the tongue sensory sequence over the postcentral gyrus. Moreover, all ipsilateral responses obtained were located within 1 cm of the Sylvian fissure and usually very close to it, even when the individual patient's tongue extended more than 3 cm on the postcentral gyrus. Some of these responses, therefore, could be related to the so-called "second sensory area."
Of the 45 motor responses, only 17 were stated to be unilateral or bilateral. Roughly 50% were quoted as movement in the contralateral half of the tongue and 50% were bilateral movements. No pure ipsilateral contraction was seen, neither was a specific pattern of organization evident in these few responses.
Somatotopic Organization
Usually there is a clear somatotopic organization of the tongue over the postcentral gyrus, with the tip of the tongue represented superiorly, the back part inferiorly, and the middle part in between. Of the 28 patients in whom sufficient detail was available, this pattern was respected in 24. In two instances, this sequence seemed reversed, but less complete mapping was obtained. In one patient, responses from the tip of the tongue were found above and below responses from the body of the tongue, and the reverse was found in the fourth patient.
In all, 125 stimulations on the postcentral gyrus of both hemispheres were identified by the patients according to their somatotopic localization. Of these, 91 were located on the tip or anterior part of the tongue, 14 on the middle part, and 20 on the back part. These have been transferred to a left hemisphere diagram (Fig.  3) and they also present a clear somatotopic pattern when treated globally. No such pattern has been found within the motor counterpart because of insufficient responses.
We also obtained 10 sensory responses in six patients described as sensation "underneath" the tongue and, when specified, always contralateral (seven out of 10). No specific pattern of localization was recognized.
Sensory Sequence of Adjacent Structures
The sensory sequence of structures adjacent to the tongue area was found to conform to the homunculus of Penfield and Rasmussen. 33 The lips were more frequently represented above than below the tongue on the postcentral gyrus, and the back of the mouth more frequently situated below than above the tongue. Teethgum or jaw responses were found only occasionally, more frequently localized above than below the tongue. In many patients, tongue responses have been found both above and below one of these neighboring structures, or also located between responses of one of these structures. cally significant, with p < 0.001. It seems, therefore, that sensory tongue responses, according to their distance from the Sylvian fissure, are either situated higher on the somatosensory cortex of the dominant hemisphere or the cortical area devoted to the tongue extends further on the somatosensory cortex of the dominant side.
Dominant and Nondominant Sensory Cortical Tongue Areas
Sufficient detail was available in 63 patients to measure the length of individual cortical tongue area over the postcentral gyrus, 30 on the dominant hemisphere and 33 on the nondominant side. The mean length was 17.0 _+ 7.3 m m and 13.0 _+ 6.4 mm, respectively. The difference is statistically significant with p = 0.021. The mean value probably does not represent the true extent of the sensory cortical tongue area because of incomplete mapping of the tongue in many patients due to cortical excitability, overlapping of other facial structures, limitations of the techniques employed in man, and time-limited surgical exploration. In patients in whom complete mapping was obtained, the sensory tongue area covered a maximum extent of 3.5 cm on the dominant hemisphere and almost 3.0 cm on the nondominant side. It seems, however, from these results, that the sensory cortical tongue representation occupies a longer strip of the postcentral gyrus on the dominant hemisphere than it does on the nondominant side. 
Stimulation Thresholds
The near-threshold electrical stimulation intensity used in this study differed only slightly for precentral and postcentral areas. The mean voltage for tongue responses obtained from precentral and postcentral gyri was 2.6 and 2.0 volts, respectively. The mean voltage for precentral and postcentral motor responses was 2.6 volts in both cases. Moreover, the character of movements obtained from precentral and postcentral stimulations was found to be similar.
Discussion
There are numerous problems related to the technique of direct cortical stimulation in man: silent and unresponsive cortical areas; gross and unselective influence on the highly organized spatial-temporal activities of the underlying neurons; high current levels needed with consecutive current spread; and bypass of the subcortical influence on the peripheral sensory input. 25'26'3~ In addition, much of the central cortex is buried in the walls of the sulci, representing little more than a third of the functional area explored by surface stimulation.
These limitations are overcome in animal experiments by microstimulation and intracortical recording techniques, but obviously these cannot be applied routinely to the human cortex. Surface stimulation, however, remains a good method for analyzing cortical localization in man and it has been shown to agree well with cortical mapping obtained by direct cortical recording of evoked potentials in humans. 5' L4' 25 ' 48 
Somatotopic Organization
Despite overlapping by the superimposition of results from many patients in Fig. 3 , it seems likely that the human tongue possesses a clear somatotopic organization, with the tip of the tongue represented superiorly and the back of the tongue inferiorly over the postcentral gyms. This sequence is seen better in individual cases (Fig. 1) . This was the pattern most frequently observed by Penfield, eta/. 3~' 33
In Fig. 3 , we note also that the tip or anterior part of the tongue is much more largely represented than the middle or back part of the tongue. This spatial gradation may well approximate the relative representation over the postcentral gyrus of individual patients, and this is possibly due to the greater need of cortical representation of the anterior part of the tongue in producing speech, the highest functional role of the human tongue. It has been demonstrated also that the tip of the tongue has a higher density of neural elements and that the two-point tactile discrimination, maximal at the tip, tapers off along the body of the tongue, g,lz,~3,36 It appears likely that areas of greatest tactile sensitivity and most dense peripheral neural innervation exhibit relatively large cortical representation.
A clear pattern of organization ofipsilateral, bilateral, or midline responses has not been identified in our study. However, the grouping of these responses when obtained more than once in individual patients agrees with the findings of Dreyer, et al., 9 who carried out intracortical recording in the SI face area of the macaque, and noted that neurons possessing ipsilateral or bilateral receptive fields were always found adjacent to cell columns receiving input from receptive fields located on the midline of the body.
Dominant Versus Nondominant Hemisphere
Our data suggest a more extensive sensory cortical tongue representation within the hemisphere dominant for speech. Despite incomplete mapping in many patients, and despite variability in the relative extent and level of the central cortex devoted to the tongue, the large number of findings obtained both by individual patient measurements and by superimposition of stimulation responses appear to demonstrate a statistically significant difference between both hemispheres.
The existence of the motor asymmetry of the limbs associated with handedness may suggest some degree of asymmetry in the sensorimotor organization of the orofacial structures or perhaps more specifically of the articulator muscles according to speech sidedness, despite bilateral corticobulbar innervation. Critchley 7 stated that identical objects are perceived as larger in the dominant hand than in the nondominant one.
Ringe136 investigated the two-point tactile discrimination on the midline and both lateral aspects of the tongue tip and other oral structures in 25 right-handed adults. He found that these three tongue-tip locations were significantly more discriminating in response to the stimuli than any other oral structure studied, and that the midline of these structures was always the most discriminating. The right side of the tongue tip was also more discriminating than the left side, although the difference was not statistically significant, and this tendency was less evident for other oral structures. Ringe136 reported that other workers also found in normal subjects a two-point discrimination superiority of the tongue tip when compared to the lingual margins with bilateral asymmetry suggesting a possible sidedness or "laterality" concept as an explanation.
More recently, Szirtes and Vaughan, 4~ analyzing the hemispheric asymmetry of the pre-speech cranial and facial evoked potentials according to dominance, found that this asymmetry is largely or solely of extracranial origin, especially from the tongue and lower face area. They suggested, as an explanation, that some degree of asymmetry could occur in the contraction of the craniofacial musculature according to cerebral dominance, despite the bilaterality of corticobulbar innervation.
Motor Versus Sensory Representation
Our data suggest that the motor and sensory representations of the tongue are located at the same mediolateral level of the central cortex. Woolsey, et al., 48 and Celesia, 5 in mapping the central cortex by electrical stimulation and evoked potential studies in 20 and four human subjects, respectively, found in eight patients a greater lateral shift of the face-arm boundary over the postcentral gyrus as compared to the precentral area. They suggested that the larger motor representation of the face and, more specifically, of the lips and tongue may be related to human acquisition of mimicry and articulation of language. This statement is not in discord with the findings of Penfield and his collaborators 31' 33 in over 400 patients for face and lip representation. It does disagree, however, with their findings for tongue representation; Penfield and his co-workers appeared to find a much larger representation over the postcentral than the precentral gyrus. Moreover, the motor control of the human tongue during speech production appears to be mediated by a highly discriminative sensory feedback system. 4"4~ As suggested by Kornhuber, t8 the central cortex for production of speech should be considered as a specialized tool of tactile and proprioceptive adjustments, while voluntary movements mainly involve subcortical structures such as brain-stem nuclei, the cerebellum, and principally the basal ganglia.
Cortical Tongue Mapping as a Surgical Landmark
The large extent of the cortical tongue representation along the central fissure and its clear somatotopic pattern allow a quick identification of the lower central area by electrical stimulation. Furthermore, the high density of tongue responses immediately above the Sylvian fissure makes it easy to determine accurately the point of crossing of the central sulcus with the Sylvian fissure.
This safety landmark is of the utmost importance for the avoidance of postoperative dysphasia in planning a temporal resection in the hemisphere dominant for speech. The posterior extent of the resection along the Sylvian fissure should not go beyond the point of junction with the central fissure. In the cases reported in the present study, resection was usually limited to its junction with the precentral sulcus. No permanent postoperative dysphasia was found with this approach.
